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Abstract 
Cheese whey is considered an important pollutant in dairy wastewaters and an environmental problem to 
solve. This study aimed to develop a treatment process that combines the advantages of co-digesting 
cheese whey with manure and the short hydraulic retention time of a high-load anaerobic treatment 
system by using liquid fractions of dairy manure as a co-substrate. The proposed co-digestion process 
consists of a one-stage UASB reactor with an external settler and effluent recycling for alkalinity 
supplementation. Under a constant hydraulic retention time of 2.2 days and increasing proportion of 
cheese whey in the feed, the system demonstrated stable operation up to a 75% cheese whey fraction in 
the feed, with an applied organic loading rate of 19.4 kg COD m-3 d-1, obtaining a 94.7% COD removal 
and a volumetric methane production rate of 6.4 m3 CH4 m-3 d-1. Critical biomass washout was 
experienced when the cheese whey fraction in the feed was 85%. Operation at a constant 60% cheese 
whey fraction in the feed mixture enabled stable operation under an organic loading rate of 28.7 kg COD 
m-3 d-1 and 1.3 days HRT, with 95.1% COD removal and a volumetric methane production rate of 9.5 m3 
CH4 m-3 d-1. This new high-load co-digestion method proposed is a promising solution for areas where 
cheese factories and intensive livestock farming are responsible for environmental pollution caused by 
unsuitable cheese whey and manure management practices. 
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1 Introduction 
Cheese whey is the watery part of milk that is separated from the curd in the cheese-
making process. It is the major by-product of dairy industries, and due to its high 
organic load, it has a strong polluting potential, causing an excess of oxygen 
consumption if it is directly disposed of in water bodies. Moreover, cheese whey can 
cause impermeabilization, eutrophication, toxicity, and other conditions in the receiving 
environments [1]. Typically, cheese whey has 5-8% total solids (TS) containing 
approximately 10–20% proteins, 60–80% lactose and the remaining minerals, vitamins, 
fat, lactic acid and trace elements [2]. Generally, cheese whey presents a high organic 
load (up to 80 g COD L-1), a low alkalinity content (<2500 mg CaCO3 L-1) and very 
high biodegradability [3].   
In the past, most cheese factories disposed their effluents by land application or direct 
discharge to receiving waters [1,4]. Several biological and physicochemical value-
adding processes have been reported for whey exploitation over the last decades [5-9]. 
However, due to economic convenience, small and medium-sized cheese producing 
units usually have neither treatment facilities to recover valuable constituents nor 
wastewater treatment systems for the appropriate disposal of whey. Cheese whey is 
considered the most important pollutant in dairy wastewaters, not only for the high 
organic load, but also for the volume generated [10]. For instance, for the production of 
1 kg of cheese, 10 kg of milk is needed, originating 9 kg of cheese whey [1]. 
Approximately half of the 115 million tons of whey produced world-wide every year 
are disposed of on land or in bodies of water [11]. In Cantabria, a small region located 
in northern Spain, only 42.6% of 15,600 tons per year of cheese whey produced in the 
region were properly managed in 2005, mainly as animal feed [12]. In 2011, 16,900 
tons of cheese whey were produced in Cantabria with similar management strategies. 
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This situation justifies the development of treatment methods for this waste stream. 
Because whey has a high chemical oxygen demand and a very high biodegradability, 
anaerobic treatment is the most suitable biological method for treating or pre-treating 
this waste effluent [13]. Instead of requiring a large amount of energy to be treated in an 
aerobic wastewater process, whey produced in dairy industries can produce energy that 
can itself be used for heat and electricity generation. In this regard Spachos and 
Stamatis [14] performed an exergetic and economic analysis of an anaerobic treatment 
system of whey accompanied by the production of steam, concluding that the anaerobic 
treatment of whey can be a sustainable investment, at least for a substantial volume of 
whey. The anaerobic treatment of cheese whey has been well reported by several 
authors under different systems and conditions, mainly in high-rate anaerobic systems, 
such as the upflow anaerobic sludge blanket (UASB) reactor [11,15-24].  
In spite of its high biodegradability, cheese whey is quite a problematic substrate for 
being treated by anaerobic processes due to its lack of alkalinity [16]. Because the 
organic matter is in a soluble form, the rate-limiting step is the methanogenic step. This 
limit implies the possibility of accumulating volatile fatty acids (VFA) that can exhaust 
the buffering capacity, leading to acidification and reactor failure, especially in high-
load reactors. This problem can be solved by working with diluted whey, which is much 
simpler to treat [16,23], or by adding alkalinity to the system. Two-stage treatment 
processes can also result in a safer operation, reducing the risk of acidification [23]. 
Diamantis et al. [24] developed a two-stage CSTR-UASB system without any 
requirements for alkali consumption for the anaerobic treatment of diluted cheese whey 
with dairy-washing waters.  
Another drawback for the anaerobic treatment of cheese whey in high-load systems is 
that biomass granulation is hindered and there is a tendency to produce an excess of 
4 
 
viscous exopolymeric materials that severely reduce sludge settleability, which can lead 
to biomass washout [16]. Passeggi et al. [25] studied a modified UASB reactor that 
included a scum extraction device and an external settler as an alternative to the 
anaerobic treatment of dairy wastewaters. Furthermore, some authors reported 
supplementation with external nutrients to maintain system stability [23,26].  
To address the above difficulties, the co-digestion of whey with animal manure in a 
CSTR digester has proven to be a solution because manure can provide the necessary 
nutrients and the buffer capacity to ensure the stability of the process [13,27-29]. In 
addition, using biogas from the co-digestion of animal manure and suitable organic 
substrates is also a very attractive solution from a socio-economic point of view, when 
biogas externalities, including environmental, human and animal health benefits, are 
quantified and integrated in the overall economic benefit [30]. However, the anaerobic 
co-digestion of cheese whey with animal manure has traditionally required the use of 
CSTR digestion systems due to the high suspended solids content of animal manure, 
precluding the use of high-load anaerobic reactor systems that operate with lower 
hydraulic retention time (HRT) and smaller reactor size. Furthermore, another drawback 
for CSTR digesters is the requirement of mixing devices. 
Cantabria has a bovine population of approximately 280,000 AU (mainly dairy), a 
humid climate and pronounced slopes that makes the liquid fraction of manure 
responsible for surface and groundwater pollution. These environmental problems are 
difficult to solve due to the high contents of organic matter and nutrients. In this regard, 
Rico et al. [31] developed a procedure to separate the liquid and solid fractions of dairy 
manure with the aim of obtaining a liquid fraction whose characteristics allow anaerobic 
digestion treatment in high-load anaerobic systems. The main characteristics of the 
separated liquid fraction were an anaerobic biodegradability higher than 80% and the 
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absence of suspended solids which are very good characteristics for high load anaerobic 
reactors, such as the UASB. These characteristics could also allow anaerobic co-
digestion treatment with cheese whey in high-load anaerobic systems.  
The overall objective of the study was to develop a stable one-phase mesophilic co-
digestion process in a UASB reactor, for a mixture consisting of cheese whey and a 
liquid fraction of dairy manure, without external alkalinity or nutrient supplementation. 
Given that granulation does not occur with this type of wastewater and that some solids 
can be lost with the effluent, an external settler was placed in the UASB reactor 
discharge to enhance the reactor performance. In the present investigation, the 
performance and the limits of the proposed treatment process have been analysed. The 
cheese whey fraction in the feed, the HRT, the organic loading rate (OLR) and the 
biomass washout have been evaluated.  
2 Materials and methods 
2.1 Substrates 
Cheese whey (CW) was supplied by Queserías la Fuente, a dairy milk processor located 
in Heras (Cantabria, Spain). Once a month the CW was transported to the laboratory 
and stored at 4ºC prior to use. The CW characteristics (see Table 1) were quite uniform 
during the experimentation as indicated by the relative low SD in CW characteristics.    
The liquid fraction of dairy manure used as a co-substrate was obtained from a pilot 
plant located in the agricultural secondary school ‘‘La Granja’’ (Heras, Cantabria) using 
the procedure reported by Rico et al. [31]. Dairy manure was collected from the manure 
pit of a 500-free stall dairy cow farm equipped with scrape systems. Manure was 
extracted from the dung pit by a tractor equipped with a vacuum tank system and 
transported to the pilot plant.  
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Raw manure was separated by means of a screw press separator (Doda MS5CE, 0.8 mm 
mesh). Then, the screened liquid fraction (SLF) was subjected to decanter centrifuge 
separation (Pieralisi Baby 2) operating at 5200 rpm to obtain the screened flocculated 
centrifuged liquid fraction (SFCLF) used in the present work. Centrifugation was 
enhanced by chemical reagents which were mixed with the screened liquid manure in a 
labyrinth-pipe section adapted as a static mixer. FeCl3 (50 g L-1) was used as a 
coagulant (dose 2% - TS base) and a cationic polyacrilamide (4 g L-1) was used as a 
flocculant (dose 1.5% - TS base). Once a month the SFCLF was processed and collected 
from the pilot plant, delivered to lab installations and stored at 4ºC prior to use. SFCLF 
characteristics were not uniform due to the manure pit management and weather 
conditions but reasonably consistent during the experiment period to ensure the 
reliability of the experiments. The mean characteristics of both substrates during 
experimentation are shown in Table 1.  
 
2.2 Experimental setup scheme 
The experimental setup scheme of the process developed is shown in Fig. 1. Manure 
separation processes to obtain SFCLF were carried out at the pilot scale. More details 
about the pilot installation and the separation processes can be found in Rico et al. [32]. 
The UASB reactor was operated at lab scale.  
 
2.3 UASB reactor 
The UASB reactor was cylindrical, made of PVC, 9.7 cm in internal diameter and 150 
cm high with an operating volume of 8 L. In the upper part, there was a gas-liquid-solid 
separator device similar to those described in the literature for UASB reactors [33]. The 
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feed came into the lower zone and the effluent left the reactor by means of an exit tube 
at the top of the reactor.  
An external settler with an operating volume of 3.2 L was placed in the UASB reactor 
discharge to enhance reactor performance. The settler consisted of a cylindrical PVC 
tank, 7.7 cm in internal diameter and 100 cm high, with a conical bottom. The function 
of the settler was to obtain a final anaerobic effluent free of suspended solids and to 
avoid obstructions in the effluent recycle pipe. The clarified effluent was recirculated 
into the reactor to provide bicarbonate alkalinity to the system.  
A stable reactor temperature was maintained at 35ºC in the UASB reactor by means of 
an electric heating blanket.   
Biogas left the reactor through the gas collector by its own pressure. The volume of 
biogas generated in the UASB reactor was measured by means of a home-made biogas 
meter device constructed using two coaxial chambers made of acrylic cylinders which 
were interconnected by means of two small holes in the lower zone of the internal 
chamber. The internal chamber was closed on the top arranged with a piping connection 
to a three-way solenoid valve with biogas from the UASB reactor inlet and exhaust. A 
pre-set magnetic level sensor regulated the operation of the three-way valve in order to 
release the collected biogas, resetting the whole system. The total volume of biogas is 
the product of multiplying the number of cycles (fillings or emptyings) which were 
recorded by a counter system, times the volume of the chamber. 
The UASB reactor was inoculated with 5 kg of biomass (43.1 g VSS kg-1) collected 
from a pilot UASB reactor that had been processing the SFCLF of dairy manure at 
35ºC. This inoculum was originally obtained by decanter centrifuge separation of the 
digested SLF of dairy manure. The solid fraction separated was used as an inoculum.  
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2.4 Mode of operation 
The UASB reactor was fed in continuous-mode operation. The HRT was calculated for 
the UASB reactor alone by dividing the operating volume of the UASB reactor by the 
influent flow rate. Both substrates were mixed and fed to the reactor by a peristaltic 
pump. The duration of the UASB experiment was 210 days, and the experimentation 
was divided in two stages.  
The feed ratios were changed after 9-11 days of operation (depending on the HRT) at 
the current loading. For each operating condition, influent and effluent samples were 
collected, and their characteristics were determined during five consecutive days after 
stationary conditions were reached. Steady state was reached when the operation 
conditions were maintained for three HRTs and the reactor showed stability. The 
influent, effluent and biogas samples were analysed immediately after sampling. The 
UASB operation values showed in tables and figures are the mean values ± SD of the 
five mean values obtained (duplicate analyses) after steady state conditions were 
reached. 
Based on previous unpublished experiences with diluted cheese, during the first 
experimentation stage, the HRT of the UASB reactor was set to 2.2 days. Starting from 
a substrate mixture ratio of 10:90 (v/v CW:SFCLF), the CW fraction was progressively 
increased by 5% up to 55%. From 55%, the CW fraction was increased by 10% until the 
reactor limits were reached in terms of CW ratio. Operation at a constant HRT lasted 
140 days. The recirculation to feed volume ratio was 3:1 during the first stage. 
After this period, a second experimentation stage was performed, in which the CW ratio 
in the feed was set at 60% and the HRT was progressively reduced starting from 2.2 
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days to check the limits in terms of the HRT and the OLR. During the second stage, 
recirculation flow was maintained. Consequently, the recirculation-to-feed ratio was 
gradually reduced during second stage.  
The parameters analysed were pH, alkalinity, TS, VS, total COD (CODT), filtered COD 
(CODf), COD due to volatile fatty acids (CODVFA), Kjeldahl nitrogen (TKN-N) and 
total phosphorus (PT). The volume of biogas produced and methane content of the 
biogas were determined daily. Solids from the settler were withdrawn after each 
experimental condition to determine the losses of biomass from the UASB caused by 
washout.   
 
2.5 Analytical techniques 
Volatile fatty acids (VFAs) were determined using a HP6890 gas chromatograph (GC) 
fitted with a 2 m 1/8-in glass column, liquid phase 10% AT 1000, packed with the solid-
support Chromosorb W-AW 80/100 mesh. Nitrogen was used as the carrier gas at a 
flow rate of 14 mL/min, and a FID detector was installed. The VFA concentrations are 
expressed in COD units. The Biogas composition was assayed on a 2 m Poropak T 
column in a HP 6890 GC system with helium as the carrier gas at a flow rate of 15 
mL/min with a TCD detector. The biogas and methane volumes are expressed at 0ºC 
and 1 atm. The influent and effluent pHs were measured from samples with a glass 
electrode pH meter (WTW, SENTIX 21). The bicarbonate alkalinity (BA) and the 
volatile acids alkalinity (VAA) were determined by titration at pH of 5.1 and 3.5, 
respectively, according to the method described by Anderson and Yang [34]. 0.45 µm 
filters were used for CODf determination. All of the other analyses were performed 
according to standard methods [35]. All of the analyses were performed in duplicate 
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rather than in triplicate because they were quite homogeneous samples.  
 
3 Results and discussion 
3.1 UASB start-up process 
The start-up of UASB reactors is a complicated process that requires acclimatization 
and the growth of the sludge bed. In this work, the UASB was easy to start-up because 
the UASB was inoculated with biomass from another UASB that had been operating 
with a SFCLF. The reactor was filled with 5000 g of inoculum (215.5 g VSSinoculum) and 
6 L of an initial feed mixture containing 90% SFCLF and 10% CW. Subsequently it was 
operated in batch mode until biogas production ceased and the VFAs were completely 
removed in the liquid phase. Then, the UASB started to be fed with 10% CW in the feed 
mixture at an HRT of 2.2 days. 
 
3.2 Operation at a constant HRT (2.2 days) 
The data in Table 1 reveal that the CW had quite a higher organic content than the 
SFCLF. The characteristics of the UASB influents and effluents during this stage are 
given in Table 2. As expected, some parameters in the influent showed a significant 
correlation with the CW content in the feed: CODT, CODf, TS, and VS (p<0.01). The 
lowest values for these parameters were determined for the mixture feed consisting of 
10% CW and 90% SFCLF with 14.7 ± 2.4, 13.5 ± 2.2, 15.0 ± 0.3 and 9.2 ± 0.2 g L-1 for 
CODT, CODf, TS and VS, respectively. These concentrations increased up to 45.4 ± 
3.7, 40.2 ± 1.3, 47.3 ± 1.1 and 41.6 ± 1.0 g L-1, respectively, for the mixture feed 
containing 85% CW. As a result of this increase, with increasing the CW content in the 
feed, the OLR applied to the UASB also increased. This trend was true for all of the 
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conditions except for the changes from 15% to 20% CW and 45% to 50% CW, when 
the COD of the feed mixture diminished. It must be taken into account that the 
characteristics of the SFCLF were not constant, and for this reason the OLR applied 
with CW contents in the feed of 20% and 50% were slightly lower than those with 15% 
and 45% CW, respectively. Moreover, whereas the anaerobic biodegradability of the 
CW is close to 100%, a small part of SFCLF COD is recalcitrant [31]. For this reason, 
higher CW content in the feed led to the higher biodegradability of the mixture as well. 
In contrast, the pH, alkalinity (BA and VAA) and CODVFA did not show significant 
correlations with the CW content in the mixture. For instance, the pH in the influent 
varied from 5.9 ± 0.3 (30% CW) to 6.6 ± 0.3 (45% CW).  
The low bicarbonate alkalinity in the influent, lower than 20 meq L-1 for all of the 
experimental conditions, is problematic for the anaerobic process, leading to 
acidification and a drop in pH that would inhibit the process, causing failure of the 
UASB reactor. As reported in the Materials and Methods section, effluent recirculation 
was used to address this problem. As Table 2 shows, the bicarbonate alkalinity in the 
effluent was between 145 and 189 meq L-1, sufficient for the process. 
The effluent characteristics in Table 2 show a stable, high-efficiency UASB reactor 
operation for all the experimental conditions. The OLR was progressively increased 
from 6.8 kg CODT m-3 d-1 for 10% CW content in the feed to 20.9 kg CODT m-3 d-
1 when the CW content was 85%. The effluent pH remained in a range between 7.8 and 
8.2, except for the last condition (85% CW), when it dropped to 7.6. 
The process achieved CODT removal percentages higher than 94%. Only for the first 
condition (10% CW) was the removal percentage of CODT lower than 94% (91.2%). 
This result may be attributed to the lower biodegradability of the mixture feed and to the 
fact that it was the first condition after start-up. Effluent CODT concentrations ranged 
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between 0.9 and 1.5 g L-1, except for the last condition (85% CW), when the mean 
effluent CODT was 2.3 ± 1.8 g L-1. The highest CODT removal percentages (97.4%) 
were observed for 65% and 75% CW contents in the feed due to the higher 
biodegradability of the mixture feed. 
The efficiency of the system decreased when the CW ratio in the feed was 85%, not 
only in terms of the COD removal efficiency but also in stability, as will be reported 
below. Despite stability problems detected with 85% CW in the feed, the organic 
removal rate (ORR) exhibited a strong Pearson correlation (p<0.001) with the OLR 
applied for all the conditions tested, as can be observed in Fig. 2a. The removal 
percentage of CODf was always higher than the removal percentage of CODT.  
VFAs were not present in the effluent until stability problems arose when the UASB 
was started to be fed with the mixture containing 85% CW. At this point, VFAs were 
detected in the effluent. After changing the feed mixture from 75% to 85% CW, the 
system was able to operate during some days, but when steady state was reached, the 
UASB efficiency started to decrease due to biomass washout. In fact, after three days of 
data collection operating with 85% CW in the mix, critical scum layer formation and 
biomass flotation were observed. The gas collector and effluent discharge were blocked 
by scum and solids and operation was stopped. This blockage is the reason for the high 
standard deviation of effluent parameters for this condition.  
The volumetric methane production rate exhibited a strong Pearson correlation 
(p<0.001) with OLR (Fig. 2b). The UASB yielded 2.1 ± 0.2 m3 CH4 m-3 d-1 when the 
CW fraction in the feed was 10%. This rate increased progressively with the 
CW:SFCLF ratio in the feed, reaching its highest value for 85% CW, 7.0 ± 0.2 m3 CH4 
m-3 d-1. Specific methane yields ranged between 0.31 and 0.34 L CH4 g-1 COD, showing 
very good performance of the system. The lowest value (0.31 L CH4 g-1 COD) was 
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observed for the first condition (10% CW), which is in accordance with the lowest COD 
removal percentage. Again, the methane content in the biogas diminished with 
increasing CW content in the feed (Fig. 2b). In this case, a negative Pearson correlation 
was observed between the methane content in the biogas and the OLR (p<0.05). Under 
the first condition, 10% CW fraction in the feed, the methane content in the biogas was 
70.1 ± 0.3%. For the last condition, 85% CW in the feed, the methane content in the 
biogas was 53.0 ± 1.1%. In the specific context of this work, this result can be attributed 
to two factors: the OLR and the difference in organic compounds between the CW and 
the SFCLF. On one hand, as the OLR increases, more carbon dioxide is produced per 
unit of volume of the liquid phase, which can saturate the liquid phase with CO2. As a 
result, a higher portion of the produced CO2 is released in the gas phase, reducing the 
percentage of CH4 in the biogas. On the other hand, as shown in Table 1, whereas more 
than 50% of the COD in the SFCLF was due to VFAs, no VFAs were observed in the 
CW. The organic compounds in the CW must be processed by various groups of 
microorganisms, and as a consequence, higher CW:SFCLF ratios in the feed resulted in 
a higher CO2 content in the produced biogas. In this sense, the effluent pH did not vary 
as a function of the OLR, as the data in Table 2 show. The effluent pH values varied 
between 8.2 and 7.8 for all of the conditions except for the 85% CW ratio, when the 
effluent pH was 7.6. The methane content decrease in the biogas cannot be attributed to 
the effluent pH because there is no significant correlation between the OLR and the 
effluent pH. 
 
3.3 Operation at constant CW:SFCLF ratio (60:40) and decreasing HRT  
After reaching the CW:SFCLF ratio operating limit at a constant HRT of 2.2 days, a 
new limit was investigated. The UASB was fed with a mixture consisting of 60% CW 
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and 40% SFCLF. The operation started with an initial HRT of 2.2 days. The HRT was 
gradually decreased until a drop in efficiency was observed. The HRTs applied were 
2.20, 1.80, 1.65, 1.45, 1.30 and 1.18 days, which were conditioned by the feeding pump 
capacity. In this case, as the feed characteristics were quite similar, decreases in the 
HRT were accompanied by increases in the OLR. The characteristics of the UASB 
influents and effluents during this stage are given in Table 3. The OLR applied during 
this experimental period varied within the range 16.3-30.5 kg CODT m-3 d-1, which is an 
OLR 46.9% higher than the maximum OLR applied during the previous period.  
The data in Table 3 show the good performance of the system. The CODT removal 
percentage remained over 93% for all the conditions except for the 1.18 day HRT, when 
a removal percentage of 88.3% was obtained. VFAs in the effluent were detected from 
the 1.65 day HRT, but remained at low values (<0.5 g CODVFA L-1) during operation at 
the 1.65, 1.45 and 1.30 day HRTs. However, during operation at an HRT of 1.18 days, 
the effluent CODVFA gradually increased, reaching a value of 3.3 g CODVFA L-1 after 
three days of data collection. The reactor operation was stopped; it was clear that the 
process limit had been reached because the biomass in the reactor was not capable of 
processing all of the incoming organic matter in the feed. This HRT can be considered 
the process performance limit under these conditions. Despite the decrease in efficiency 
for the lowest HRT, there was a significant correlation between the OLR and the ORR 
(p<0.05). The correlation between the OLR and the ORR during this period is shown in 
Fig. 3a, where it can be observed that the ORR increased with the OLR until the highest 
OLR (i.e., the shortest HRT), when the ORR slightly decreased. A very strong Pearson 
correlation between both parameters (p<0.001) would be observed if the last value 
(HRT of 1.18 days) were not taken into account.  
As with the ORR, a significant correlation (p<0.05) was also found between the OLR 
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and the volumetric methane production rate. In Fig. 3b, the methane yield and the 
methane content in biogas for this period are shown. The UASB yielded 5.6 ± 0.8 m3 
CH4 m-3 d-1 at a 2.2 day HRT. This rate increased progressively with decreasing HRT, 
reaching its highest value at a 1.3 day HRT, 9.5 ± 0.5 m3 CH4 m-3 d-1. For the shortest 
HRT applied, the methane yield slightly decreased (as with the ORR) down to 9.3 ± 0.1 
m3 CH4 m-3 d-1. Specific methane yields remained within the range of 0.33-0.34 L CH4 
g-1 COD for all of the HRTs except for 1.18 days, when it dropped down to 0.31 L CH4 
g-1 COD. With regards to the methane content in the biogas, there was no clear 
correlation with the OLR. The highest value was found at a 2.2 day HRT (59.4 ± 2.5% 
CH4), and the lowest value was found at a 1.45 day HRT (53.8 ± 1.5% CH4). These 
data provide evidence that the decrease in methane content in biogas with an increasing 
OLR during the first period (at a constant HRT) was caused by the higher CW content 
in the feed (i.e., different organic compounds) rather than the higher OLR applied and 
the higher volumetric methane production rates. 
 
3.4 Biomass washout throughout the experimental period 
The external settler placed in the UASB reactor discharge had two functions: providing 
a clarified final effluent free of suspended solids and avoiding obstructions in the 
effluent recycle pipe. At the same time, the settler allowed collecting data about the 
amount of solids washed out during the UASB operation. In Figure 4, the amount of 
VSS collected from the settler for each condition is depicted. 
As Fig. 4a shows, during stage 1, the biomass washout increased as the CW fraction in 
the feed also increased. This trend changed when the CW:SFCLF was 55:45. This 
observation can be attributed to the fact that the solids with the worst settling properties 
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were washed out during the previous conditions, especially from CW:SFCLF ratios 
35:65 to 50:50. During this period, 211.1 g of VSS were washed out. Critical biomass 
washout was experienced when the CW:SFCLF ratio was 85:15. Not only the biomass 
washout of the UASB reactor but also the blockage of the gas collector and effluent 
discharge pipe as reported previously forced a stop of the reactor operation. During 
stage 1, 523 g of VSS were collected from the settler. In spite of the biomass loss by 
washout, the UASB performance did not change because biomass growth replaced the 
washed-out biomass. During stage 2 (Fig. 4b), biomass washout was not very 
noticeable, which indicates that the previous biomass washout could be caused by the 
increasing CW content in the feed rather than the increasing biogas production rates. In 
this regard, Kalyuzhnyi et al. [22] related the good sludge settling properties in a UASB 
treating raw cheese whey up to an OLR of 28.5 kg COD m-3 d-1. Significant washout 
occurred when the OLR reached 29.2 kg COD m-3 d-1. These authors reported low up-
flow velocity, gradual increase in the OLR and low acetate in the reactor medium as the 
reasons for successful formation of well-settling granules. 
When the operation was concluded, the UASB reactor was emptied to determine the 
amount and the VSS content of the anaerobic biomass. The result was that 3860 g of 
biomass with 66.3 g VSS kg-1 remained in the UASB reactor (256 g VSS). Taking into 
account the maximum organic removal rate obtained (27.2 g CODremoved L-1 d-1 - stage 
2, HRT 1.3 days), the activity of biomass present in the reactor can be calculated 
according to the following equation: 
( )
)(
)(11
gUASBinVSS
LVoldLCODgORRA UASBremoved ⋅=
−−
 
From this equation, the activity of biomass at the end of the experiment was calculated 
resulting in 0.85 g COD g-1 VSS d-1.  
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Based on the final amount of VSS remaining in the UASB reactor (256 g VSS) and the 
amount of VSS washed-out during the second stage (data from Fig. 4b), the solids 
retention time (SRT) of the UASB treatment process during the second stage has been 
estimated to be higher than 200 days according to the following equation: 
( )
)( 1−⋅
=
dgoutwashedVSSofFlow
gUASBinVSSSRT  
Such value for the SRT parameter is a very high value that would require periodic solids 
purging but it must be noted that because this study was focused on the effects of the 
CW fraction and the OLR on the biomass wash-out, solids were not periodically purged 
during UASB operation. In an industrial application, a final destination should be found 
for the excess solids washed-out or purged. Additional equipment should be installed 
for handling and storing excess of solids. Attending to chemical characterization 
(TS=90.0 g kg-1, VS=66.3 g kg-1, TKN-N=5.4 g kg-1, PT=3.9 g kg-1), drying and 
composting may be an effective management option to improve the suitability and 
acceptability of these solids for use on agricultural land.  
 
3.5 Comparison with anaerobic digestion and co-digestion processes for cheese whey 
and animal manure. 
A comparison between the results from the present work with other previous works 
dealing with the anaerobic digestion of cheese whey and the anaerobic co-digestion of 
cheese whey and animal manure is given in Table 4. To our knowledge, this is the first 
study of cheese whey co-digested with a liquid fraction of dairy manure in a one-stage 
UASB reactor. In comparison with anaerobic co-digestion of cheese whey and animal 
manure in CSTR systems, the utilization of the liquid fraction as co-substrate allowed 
processing the mixture in a UASB reactor. In addition, this method permitted stable 
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operation with a lower HRT (as low as 1.3 days) and higher CW:manure ratios (up to 
75:25), resulting in a higher OLR (up to 28.7 kg COD m-3 d-1) and much higher 
volumetric biogas production rates (up to 16.6 m3 m-3 d-1). The high biodegradability 
and the low suspended solids content of both substrates employed is the reason for these 
differences.  
Compared with previous anaerobic treatment systems reported for cheese whey, lower 
HRTs were tested, but some of those required a two-stage system, adding chemicals for 
pH or trace element control. Similar results to those of the current work in terms of 
process performance were reported by Kalyuzhnyi et al. [22], who were able to 
successfully treat cheese whey in a one-phase UASB reactor at a similar OLR. 
Chemical bicarbonate addition was required for the start-up of the reactor. However, 
these authors did not report data about biogas and methane production values. In this 
regard, it must be noted that higher biogas and methane production rates could be 
achieved with a better manure management strategy with the aim to avoid the aging of 
manure and its dilution with rain water. In this work, manure was taken from a partially 
uncovered manure pit where it was stored for several weeks. The optimal strategy 
would consist of separating the manure as soon as it was produced to avoid dilution and 
aging. In a previous work by the authors [36], manure was taken from the cow house, 
and separation processes were performed at lab scale. In that work, the SFCLF had 
CODT and CODVFA values of 14.3 and 10.2 g L-1, which are, respectively 59% and 
73% higher than those of the SFCLF in the present work. Therefore, higher methane 
potentials of the SFCLF and the resulting feed mixture could be obtained.  
 
4 Conclusions 
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The present work has demonstrated that the anaerobic co-digestion of cheese whey and 
liquid fraction of dairy manure is feasible in a one-stage UASB process without external 
alkalinity and nutrient supplementation by means of effluent recirculation. An external 
settler is required to ensure a final effluent free of suspended solids and to avoid 
obstructions in the effluent recycle pipe. The proposed process allows much lower 
HRTs than those for conventional CSTR systems for the co-digestion of cheese whey 
with manure slurries, with the advantage of a considerable size reduction of the reactor. 
Moreover, stability problems caused by the lack of alkalinity in the CW are solved. The 
system demonstrated stable operation with 75% CW in the mixture feed at an HRT of 
2.2 days. A maximum OLR of 28.7 kg COD m-3 d-1 was reached with 60% CW in the 
feed mixture under an HRT of 1.3 days, with 95.1% COD removal and a stable 
volumetric methane production rate of 9.5 m3 CH4 m-3 d-1. This new high-load co-
digestion method proposed can be an environmental solution for the polluting effluent 
of cheese making factories and intensive livestock farming.  
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Figure Captions 
 
Fig. 1- Experimental set-up scheme. 
 
Fig. 2- Performance data of the UASB reactor at constant HRT (2.2 days) and a 
increasing CW content in the feed. a) Correlation between the OLR and the ORR. b) 
Volumetric methane production rate and methane content in biogas. The values showed 
are the mean values ± SD of five duplicate samples after steady state conditions were 
reached.   
 
Fig. 3- Performance data of the UASB reactor at a constant CW:SFCLF ratio content in 
the feed and a decreasing HRT. a) Correlation between the OLR and the ORR. b) 
Volumetric methane production rate and methane content in biogas. The values showed 
are the mean values ± SD of five duplicate samples after steady state conditions were 
reached.   
 
Fig. 4- Biomass losses in the UASB reactor throughout the whole experimental period. 
a) Operation at a constant HRT (2.2 days) and an increasing CW content in the feed. b) 
Operation at a constant CW:SFCLF feed ratio and a decreasing HRT. 
 
 
